Mapping hybrid defects in contact zones between incipient species can identify genomic regions 11 contributing to reproductive isolation and reveal genetic mechanisms of speciation. The house 12 mouse features a rare combination of sophisticated genetic tools and natural hybrid zones 13 between subspecies. Male hybrids often show reduced fertility, a common reproductive barrier 14 between incipient species. Laboratory crosses have identified sterility loci, but each encompasses 15 hundreds of genes. We map genetic determinants of testis weight and testis gene expression 16 using offspring of mice captured in a hybrid zone between M. musculus musculus and M. m. 17 domesticus. Many generations of admixture enables high-resolution mapping of loci contributing 18 to these sterility-related phenotypes. We identify complex interactions among sterility loci, 19 suggesting multiple, non-independent genetic incompatibilities contribute to barriers to gene 20 flow in the hybrid zone. 21 Turner & Harr p. 2 35 reproductive isolation. However, other forces can create similar genomic patterns, thus islands 36 may not always represent targets of selection that contributed to speciation (Noor and Bennett 37 2009; Turner and Hahn 2010; Renaut et al. 2013; Cruickshank and Hahn 2014). 38 An alternative approach to identify genomic regions contributing to reproductive 39 isolation is to map known reproductive barrier traits in naturally hybridizing populations. The 40 potential for mapping in hybrid zones is long-recognized (Kocher and Sage 1986; Harrison 1990; 41 Szymura and Barton 1991; Briscoe et al. 1994; reviewed in Rieseberg and Buerkle 2002). Hybrid 42 zones are "natural laboratories for evolutionary studies" (Hewitt 1988) enabling investigation of 43 speciation in progress. The Dobzhansky-Muller model predicts that hybrid incompatibilities 44 between incipient species accumulate faster than linearly with time (Orr 1995), thus investigating 45 Turner & Harr p. 3 taxa in the early stages of speciation facilitates identification of incompatibilities that initially 46 caused reproductive isolation vs. incompatibilities that arose after isolation was complete. 47 Despite these advantages, few studies have mapped barrier traits or other fitness-related 48 traits in nature, due to the logistical challenges of collecting dense genome-wide genetic markers 49 in species with admixed populations and well-characterized phenotypes. Examples include 50 associations between pollen sterility and genomic regions showing reduced introgression in a 51 sunflower hybrid zone (Rieseberg et al. 1999) and loci contributing to variation in male nuptial 52 color and body shape mapped in a recently admixed stickleback population (Malek et al. 2012). 53 House mice (Mus musculus) are a promising model system for genetic mapping in natural 54 populations (Laurie et al. 2007), and have an abundance of genetic tools available to ultimately 55 isolate and characterize the causative genes underlying candidate loci. Three house mouse 56 subspecies -M. m. musculus, M. m. domesticus and M. m. castaneus -diverged ~500,000 years 57 ago from a common ancestor (reviewed in Boursot et al. 1993; Salcedo et al. 2007; Geraldes et 58 al. 2008). M. m. musculus and M. m. domesticus (hereafter musculus and domesticus) colonized 59
INTRODUCTION
New species arise when reproductive barriers form, preventing gene flow between 23 populations (Coyne and Orr 2004) . Recently, two approaches have substantially advanced 24 understanding of the genetic mechanisms underlying reproductive isolation (reviewed in Noor 25 and Feder 2006; reviewed in Wolf et al. 2010) . Genetic crosses in the laboratory involving model 26 organisms have identified loci and genes causing hybrid defects, a common type of reproductive 27 barrier caused by genetic interactions between divergent alleles (Bateson 1909; Dobzhansky 28 1937; Muller 1942) . In nature, recent technological advances enable fine-scale characterization 29 of genome-wide patterns of divergence between incipient species and variation in hybrid zones. 30 For example, 'islands of divergence' have been reported in species pairs from 31 taxonomically diverse groups (Turner et al. 2005; Nadeau et al. 2011; Nosil et al. 2012; Ellegren 32 et al. 2013; Hemmer-Hansen et al. 2013; Renaut et al. 2013; Carneiro et al. 2014; Poelstra et al. 33 2014; Schumer et al. 2014 ). These high-divergence genomic outlier regions are sometimes 34 referred to as 'islands of speciation,' resistant to introgression because they harbor genes causing p. 7 regions might be linked to a single causative mutation, or conversely, a significant region might 138 be linked to multiple causative mutations in the same gene or in multiple genes. 139 We identified 104 SNPs on the X and chromosome 1 significantly associated with 140 expression PC1 using stringent permutation-based thresholds (Table 2; Figure 1B ). An additional 141 349 SNPs were significant with the more permissive threshold of FDR <0.1. Significant SNPs 142 clustered in 50 genomic regions located on 18 autosomes and the X. 143 To gain further insight into associations between sterility and gene expression, we 144 mapped expression levels of individual transcripts. A total of 18,992/36,323 probes showed 145 significant associations with at least on SNP. We focused on trans associations (SNP is located 146 on different chromosome from transcript), based on evidence from a study in F 2 hybrids that 147 trans expression QTL (eQTL) are associated with sterility while cis eQTL are predominantly 148 associated with subspecies differences (Turner et al. 2014) . To identify SNPs significantly 149 enriched for trans associations with expression, we used a threshold set to the 95% percentile 150 counts of significantly associated probes across all SNPs (30 probes, Figure 1C ). 151 There was substantial overlap between mapping results for testis weight and expression 152 PC1; 48/55 SNPs significant for relative testis weight (9 regions) were also significant for 153 expression PC1. A permutation test, performed by randomly shuffling the positions of GWAS 154 regions in the genome, provides strong evidence that this overlap is non-random (P<0.0001, 155 10,000 permutations). Most SNPs significant for testis weight and/or expression PC1 were 156 significantly enriched for trans associations with individual transcripts (relative testis weight: p. 9 It is possible that some of the GWAS regions we mapped contribute to quantitative 184 variation within/between subspecies, rather than hybrid defects. The lowest genotypic means for 185 most interactions fell below the range observed in pure subspecies (relative testis weight: 19/22 186 (86.3%) region pairs; expression PC1: 877/913 (96%) region pairs; Figure 3AB ), consistent with 187 the hypothesis that interactions represent Dobzhansky-Muller incompatibilities. 188 Mapping simulations. We performed simulations to assess the performance of the 189 mapping procedure for different genetic architectures by estimating the power to detect causative 190 loci and the false positive rate. We simulated phenotypes based on two-locus genotypes from the 191 SNP dataset using genetic models for nine genetic architecture classes (i.e. autosomal vs. X are >50 Mb from the causal SNP. In most cases, causal SNPs detected at long distances also had 198 significant SNPs nearby, for example 83.4% of loci with significant SNPs 1 -10 Mb distant also 199 has significant SNPs within 1 Mb. These results provide support for our choice to define 200 significant GWAS regions by combining significant SNPs within 10 Mb, and suggest these 201 regions are likely to encompass the causative gene. 202 As expected, the power to detect one or both causative loci depended on the location 203 (autosomal vs. X-linked), dominance, and frequency of both 'causative' alleles (Table 3) . For 204 example, the mean percentage of simulations for which both loci were detected (SNP <10 Mb 205 significant by permutation-based threshold) was six times higher (14.4%) for the X chromosome p. 10
x autosomal dominant architecture compared to the autosomal-recessive x autosomal-recessive 207 architecture (2.6%). The relationship between power and the proportion of affected individuals in 208 the mapping population was complex. Interestingly, power was high for some simulations with 209 very few affected individuals. In these cases, the few individuals carrying the lower frequency 210 sterility allele by chance also carried the sterility allele from the second locus, thus the average 211 effect was not diminished by individuals carrying one but not both interacting sterility alleles. 212 It is important to note that our empirical results suggest that the two-locus models used to 213 simulate phenotypes are overly simplified. We predict that involvement of a sterility locus in 214 multiple incompatibilities would reduce the influence of allele/genotype frequencies of any 215 single partner locus on power. 216 To estimate the false discovery rate from simulations, we classified significant SNPs not 217 located on the same chromosome as either causative SNP as false positives. Choosing an 218 appropriate distance threshold for false vs. true positives on the same chromosome was not 219 obvious given the distribution of distances to causal SNPs (Figure 4-figure supplement 2). We 220 classified significant SNPs <50 Mb from causative SNPs as true positives and excluded SNPs 221 >50 Mb when calculating FDR. Using permutation-based significance thresholds, the median 222 false positive rate was 0.014 (calculated for simulations with ≥10 SNPs within 50 Mb of either 223 causative locus). These results suggest significant SNPs from the GWAS identified using this 224 more stringent threshold are likely to be true positives. By contrast, the median false positive rate 225 was 0.280 using the FDR<0.1 threshold, indicating this threshold is more permissive than 226 predicted. Thus, there is a substantial chance that SNP associations with relative testis weight 227 and expression PC1 identified using this threshold are spurious and evidence is weak for GWAS 228 regions comprising one SNP significantly associated with a single phenotype.
DISCUSSION

230
Genetic mapping of testis weight and testis gene expression in hybrid zone mice implicated 231 multiple autosomal and X-linked loci, and a complex set of interactions between loci. These 232 results provide insight into the genetic architecture of a reproductive barrier between two 233 incipient species in nature.
234
Association mapping in natural hybrid populations. The potential to leverage 235 recombination events from generations of intercrossing in hybrid zones to achieve high- 236 resolution genetic mapping of quantitative traits has been recognized for decades ( selection within species and may be at high frequency or fixed within species. Hence, the 246 prevalence of affected individuals in a hybrid zone for epistatic traits may be much higher than 247 for deleterious traits in pure populations (e.g. disease in humans). 248 Combining mapping of multiple sterility-related phenotypes substantially improved 249 power to identify sterility loci. We identified a few loci for each phenotype using stringent 250 significance thresholds based on permutation. In addition, most loci identified using more 251 permissive thresholds showed significant associations with more than one phenotype. Spurious p. 12 associations are unlikely to be shared across phenotypes, thus evidence from multiple 253 phenotypes provided confidence for contributions of 9 genomic regions to testis weight (on the X 254 and 5 autosomes) and 50 genomic regions to expression PC1 (on the X and 18 autosomes). 255 The high resolution of mapping in the hybrid zone provides an advantage over laboratory 256 crosses. For example, significant regions identified here (median = 2.1 Mb, regions with defined 257 intervals) are much smaller than sterility QTL identified in F 2 s (35.1 Mb; White et al. 2011). 258 Many GWAS regions contain few enough genes that it will be possible to individually evaluate 259 the potential role of each in future studies to identify causative genes. For example, 8/12 testis-260 weight regions and 28/50 expression PC1 regions contain 10 or fewer protein-coding genes. 261 We identified candidate genes with known roles in reproduction in four testis-weight 262 regions and 17 expression PC1 regions (Tables 1-2) . However, for the majority of regions (8/12 263 relative testis weight, 33/50 expression PC1), there are no overlapping/nearby genes previously 264 linked to fertility . It is unlikely that these regions would be prioritized if contained in large QTL Figure 2 ). This similarity suggests there are common genetic factors underlying 277 hybrid sterility in house mice, although there was no statistical support that genome-wide 278 patterns of overlap with previous studies for testis weight or expression PC1 were non-random 279 (P > 0.05, 10,000 permutations). The musculus derived X chromosome has been implicated repeatedly in genetic studies 322 of sterility in F 1 and F 2 hybrids (reviewed in Good et al. 2008a; White et al. 2011) . By contrast, 323 domesticus alleles were associated with the sterile pattern for most loci we identified on the X in 324 hybrid zone mice (Tables 1-2) . A testis expression-QTL mapping study performed in F 2 s showed 325 that domesticus ancestry in the central/distal region of the X was associated with a sterile Phenotyping. Males were housed individually after weaning (28 days) to prevent effects 393 of dominance interactions on fertility. We measured combined testis weight and body weight 394 immediately after mice were sacrificed at 9-12 weeks. We calculated relative testis weight (testis 395 weight/body weight) to account for a significant association between testis weight and body 396 weight (Pearson's correlation = 0.29, P = 4.9x10 -5 ). 397 We classify individuals with relative testis weight below the range observed in pure 398 subspecies as showing evidence for sterility (Turner et al. 2012 x domesticus WSB -mean = 11.0, standard deviation = 1.0) and comparable to (within 1 standard p. 19 deviation) values observed in F 1 hybrids from 4/7 interspecific crosses that showed significant 406 reductions (mean plus one standard deviation 4.6 -9.2mg/g).
407
Testis gene expression. We measured gene expression in testes of 179 out of the 185 408 males from the mapping population. Freshly dissected testes were stored in RNAlater (Qiagen) at 409 4° overnight, then transferred to -20° until processed. We extracted RNA from 15-20 mg whole 410 testis using Qiagen RNeasy kits, and a Qiagen Tissue Lyser for the homogenization step. We 411 verified quality of RNA samples (RIN > 8) using RNA 6000 Nano kits (Agilent) on a 2100 412 Bioanalyzer (Agilent). 413 We used Whole Mouse Genome Microarrays (Agilent) to measure genome-wide 414 expression. This array contains 43,379 probes surveying 22,210 transcripts from 21,326 genes. 415 We labeled, amplified, and hybridized samples to arrays using single-color Quick-Amp Labeling 416 Kits (Agilent), according to manufacturer protocols. We verified the yield (>2 µg) and specific 417 activity (>9.0 pmol Cy3/µg cRNA) of labeling reactions using a NanoDrop ND-1000 UV-VIS 418 Spectrophotometer (NanoDrop, Wilimington, DE, USA). We scanned arrays using a High 419 Resolution Microarray Scanner (Agilent) and processed raw images using Feature Extraction 420 Software (Agilent). Quality control procedures for arrays included visual inspection of raw 421 images and the distribution of non-uniformity outliers to identify large spatial artifacts (e.g. 422 caused by buffer leakage or dust particles) and quality control metrics from Feature Extraction 423 protocol GE1_QCMT_Dec08. 424 We mapped the 41,174 non-control probe sequences from the Whole Mouse Genome 425 Microarray to the mouse reference genome (NCBI37, downloaded March 2011) using BLAT 426 ((Kent 2002) ; minScore = 55, default settings for all other options). Probes with multiple perfect 427 matches, more than nine imperfect matches, matches to non-coding/intergenic regions only, or matches to more than one gene were excluded. A total of 36,323 probes (covering 19,742 Entrez 429 Genes) were retained. 430 We preformed preprocessing of microarray data using the R package Agi4x44PreProcess 431 (Lopez-Romero 2009). We used the background signal computed in Feature Extraction, which 432 incorporates a local background measurement and a spatial de-trending surface value. We used 433 the "half" setting in Agi4x44PreProcess, which sets intensities below 0.5 to 0.5 following 434 background subtraction, and adds an offset value of 50. Flags from Feature Extraction were used 435 to filter probes during preprocessing (wellaboveBG=TRUE, isfound=TRUE, 436 wellaboveNEG=TRUE). We retained probes with signal above background for at least 10% of 437 samples. We used quantile normalization to normalize signal between arrays. Expression data 438 were deposited in Gene Expression Omnibus as project GSE61417. 439 To identify major axes of variation in testis expression, we performed a principal 440 components analysis using prcomp in R (R Development Core Team 2010) with scaled 441 variables.
442
Genotyping. We extracted DNA from liver, spleen, or ear samples using salt extraction 443 or DNeasy kits (Qiagen, Hilden, Germany). Males from the mapping population were genotyped 444 using Mouse Diversity Genotyping Arrays (Affymetrix, Santa Clara, CA) by Atlas Biolabs 445 (Berlin, Germany). 446 We called genotypes at 584,729 SNPs using apt-probeset-genotype (Affymetrix) and 447 standard settings. We used the MouseDivGeno algorithm to identify variable intensity 448 oligonucleotides (VINOs) (Yang et al. 2011); 53,148 VINOs were removed from the dataset. In 449 addition, we removed 18,120 SNPs with heterozygosity > 0.9 in any population because these 450 SNPs likely represent additional VINOs. We performed additional filtering steps on SNPs p. 21 included in the dataset used for mapping. We only included SNPs with a minor allele frequency 452 >5% in the mapping population. SNPs without a genome position or with missing data for >15% 453 of the individuals in the mapping population or pure subspecies reference panel were removed. 454 We pruned the dataset based on linkage disequilibrium (LD) to reduce the number of tests We performed association mapping using GEMMA (Zhou and Stephens 2012), which 475 fits a univariate mixed model, incorporating an n x n relatedness (identity-by-state) matrix as a 476 random effect to correct for genetic structure in the mapping population. We estimated 477 relatedness among the individuals in the mapping population in GEMMA using all markers and To account for multiple testing, we first determined stringent significance thresholds by 487 permutation. We randomized phenotypes among individuals 10,000 times, recording the lowest 488 P value on the X and autosomes for each permutation. Thresholds set to the 5th percentile across 489 permutations for RTW were 5.73 x 10 -7 (autosomes) and 5.83 x 10 -5 (X chromosome); thresholds 490 for expression PC1 were 1.66 x 10 -8 (autosomes) and 1.01 x 10 -5 (X chromosome). Next, we 491 identified regions using a more permissive significance threshold based on the 10% false 492 discovery rate (Benjamini and Hochberg 1995), equivalent to P = 3.49 x 10 -5 for RTW and P = 493 2.86 x 10 -4 for expression PC1. 494 To estimate the genomic interval represented by each significant LD-filtered SNP, we 495 report significant regions defined by the most distant flanking SNPs in the full dataset showing r 2 > 0.9 (genotypic LD, measured in PLINK) with each significant SNP. We combined significant 497 regions < 10 Mb apart into a single region.
498
Testing for genetic interactions. Identifying genetic interactions using GWAS is 499 computationally and statistically challenging. To improve power, we reduced the number of tests 500 performed by testing for interactions only among significant SNPs (FDR < 0.1) identified using 501 GEMMA. We tested all pairs of significant SNPs located on different chromosomes for each 502 phenotype (692 pairs RTW, 82,428 pairs expression PC1). To account for relatedness among 503 individuals we used a mixed model approach, similar to the model implemented in GEMMA. 504 We used the lmekin function from the coxme R package (Therneau 2012) to fit linear mixed 505 models including the identity-by-state kinship matrix as a random covariate. We report 506 interactions as significant for SNP pairs with P<0.05 and FDR<0.1 for interaction terms (RTW: In total, 90,000 simulations were performed, (9 architectures x 100 SNP pairs x 100 data 540 sets). We identified significant SNPs for each data set using GEMMA, as described above for the 28.7 46.1 30.0 X-dom 9.8/5.0 46.5 51.3 59.7 37.0 41.2 50.9 11.4 16.3 27.2 38.8 65.5 21.6 1 Architecture abbreviations: add -additive; dom -dominant; rec -recessive 2 Locus 1 for autosomal pairs is musculus sterile allele; locus 1 for X-autosomal pairs is X-linked 3 'detected' -≥1 significant SNP within given distance criterion 4 Locus 2 for autosomal pairs has a domesticus sterile allele; locus 2 for X-autosomal pairs is autosomal 5 Mean number significant SNPs within distance criterion for either locus 6 Mean number significant SNPs on chromosomes not containing 'causal' SNPs B Testis expression PC1 
